In the present report, hierarchical CuBi 2 O 4 microspheres are prepared through a hydrothermal route, and 
Introduction
With the growing demand for intelligent electronic devices and the rapid development of electric transportation and renewable energy systems, numerous efforts have been made to explore advanced electrochemistry energy storage technologies.
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Owing to their high energy density, long cycle life and environmental benignity, lithium ion batteries (LIBs) have become one of the dominant power sources for the above-mentioned applications. [5] [6] [7] [8] However, the practical applications of LIBs are mainly limited to ambient temperature due to the large capacity fade and serious safety issues at extreme temperature conditions, especially at elevated temperature. [9] [10] [11] Generally speaking, the poor high-temperature electrochemical performance and serious safety issues are associated with the intrinsic properties of electrode materials. Currently, commercial graphite-based anode materials show rapid capacity fading and limited rate capability, as well as serious security problems (thermal decomposition of the solid electrolyte interphase (SEI) layer and the facile formation of dendritic lithium) at elevated temperature. [12] [13] [14] [15] In addition, the theoretical capacity (375 mA h g À1 ) of the graphite-based anode materials is relatively low, which is far from the demand of the upcoming markets of electric transportation and renewable energy systems. As a consequence, it could be highly desirable to develop high capacity anode materials which possess outstanding high-temperature electrochemical performance and good security. Transition-metal oxides, a kind of most studied anode materials for LIBs, can store lithium through the conversion reaction or the alloying-de-alloying reaction, leading to high specic capacities. [16] [17] [18] [19] [20] Though the investigations on transitionmetal oxide anode materials have attracted extensive attentions, there are few reports relate to the high-temperature electrochemical performances of those electrode materials. [21] [22] [23] Among various transition-metal oxides, it is reported that bismuthbased oxides have thermal contraction effect (negative thermal expansion). This unique property can play a vital role in enhancing the high-temperature electrochemical performance and security of electrode materials in elevated environment.
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By now, no investigation on high-temperature electrochemical performance of bismuth-based transition-metal oxides is reported, though they exhibit favourable lithium storage ability at room temperature. As a member of bismuth-based transitionmetal oxides, the CuBi 2 O 4 has been widely explored in photocatalysis, solar hydrogen and capacitor. Nevertheless, to the best of our knowledge, direct application of CuBi 2 O 4 as an anode material for LIBs has not been reported yet. [25] [26] [27] [28] [29] [30] [31] We pay attention to this binary bismuth-based transition-metal oxide due to its multiple oxidation states. In fact, CuBi 2 O 4 could be considered as a solid solution composite, which consists of CuO and Bi 2 O 3 . In consideration of numerous studies have demonstrated the high lithium storage ability of both CuO and 
Fabrication of Li-ion batteries
Li-ion batteries were fabricated using lithium as anode and 1 mol L À1 LiPF 6 in a mixture of ethylene carbonate/diethyl carbonate (EC/DEC, 1 : 1 by volume) as the electrolyte. All the cells were assembled in a glove box with water/oxygen content lower than 0.1 ppm and tested at room temperature.
Electrochemical measurements
The galvanostatic charge-discharge test was conducted on a LAND cycler (Wuhan Kingnuo Electronic Co., China). Cyclic voltammetric and electrochemical impedance spectroscopy measurements were carried out with the coin cells using a CHI 760D electrochemical workstation (ChenHua Instruments Co., China).
Results and discussion
Characterization of hierarchical CuBi 2 O 4 microspheres 33 Meanwhile, the ratio of Cu/Bi is calculated by the XPS spectra (Table S1 †). The XPS spectra of oxygen demonstrate that the valence bond is oxygen with metal (531.00 eV) rather than oxygen with oxygen ( Fig. 1d) . 34 The EDX mapping images of Bi, Cu and O elements are shown in Fig. S1 . † The content of cuprum is relatively less than bismuth and oxygen, determined (Fig. S2a †) . The highmagnication SEM image of the hierarchical CuBi 2 O 4 microspheres is depicted in Fig. 2b , which indicates that the microspheres consist of a large number of primary tetragonal nanoparticles. The sizes of the primary tetragonal nanoparticles are measured to be 50-60 nm (Fig. S2b †) . The hierarchical CuBi 2 O 4 microspheres assembled by primary nanoparticles could exhibit larger specic surface area than those bulk particles, supporting sufficient active sites for Liions insertion and extraction. The microstructure of the hierarchical microspheres was further investigated by TEM and HR-TEM. Fig. 2c is the TEM image of randomly selected microspheres, which displays the regular spherical morphology. HR-TEM investigation conrms the tetragonal texture of the CuBi 2 O 4 nanoparticles (Fig. 2d ), consistent well with the XRD study. The lattice fringes are clearly visible and the measured d-spacings of 0.24 nm and 0.31 nm correspond well to the (202) and (211) lattice planes, respectively. In addition, the hierarchical CuBi 2 O 4 microspheres are able to keep their original morphology and structure at a high temperature of exceeding 500 C (Fig. S3 †) , indicating their outstanding thermal stability. This unique property can largely determine the high-temperature electrochemical performance and security of the hierarchical CuBi 2 O 4 microspheres for lithium storage.
Electrochemical performance
The electrochemical performance of the hierarchical CuBi 2 O 4 microspheres was evaluated in standard CR2032 coin-type cells using lithium plates as counter electrodes. Fig. 3a shows the rst two cyclic voltammograms (CV) curves of the hierarchical CuBi 2 O 4 microspheres at a scan rate of 0.1 mV s À1 in the voltage range of 0.01-3.0 V. Four obvious cathodic peaks at potentials of 1.45 V, 1.18 V, 0.61 V and 0.40 V in the rst CV curve can be ascribed to a multi-step lithiation process, involving (a) the peak at 1.45 V corresponds to the reduction of Bi(III) to Bi, (b) the peak at around 1.18 V could be ascribed to Cu(II) reduction to Cu(I), (c) the less apparent peak at 0.61 V originates from Cu(I) reduction to copper and (d) the peak at 0.40 V could be associated with both the formation of a solid electrolyte interface (SEI) layer and the alloying reaction of Bi with Li to form Li 3 Bi. In the rst anodic scan, the peak at around 1.01 V is attributed to de-alloying process and the peaks at 1.79 and 2.26 V are associated with the oxidation of Bi to Bi 2 O 3 .
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Besides, the apparent anodic peak at 2.52 V could be ascribed to the oxidation of Cu to CuO. In the second CV curve, the reduction peak of Bi(III) to Bi shis to 1.62 V. Interesting, the alloying peak is replaced by two obvious peaks at around 0.62 V and 0.37 V, indicating the lithiation of Bi contains two steps (formation of LiBi and Li 3 Bi in turn). It is noted that the peak at 0.62 V overlaps with the reduction peak of Cu(I) to Cu. The overall electrochemical reaction process can be expressed as follow: Discharging:
Charging:
The total reaction:
Fig. 3b depicts the rst two charge and discharge voltage proles of the hierarchical CuBi 2 O 4 microspheres at a constant current density of 100 mA g À1 . The initial discharge and charge capacities are 1344.4 and 969.2 mA h g À1 respectively, with a coulombic efficiency of 72.2%. The relatively low coulombic efficiency can be ascribed to the decomposition of electrolyte and formation of a solid electrolyte interface (SEI) on the electrode surface. 37, 38 Clearly, several approximate voltage plateaus in the rst discharge curve are related to the multi-step lithiation process shown in the rst CV curves. Typically, the voltage plateaus at 1.40 and 0.70 V are corresponded to the reaction (1) and (2), respectively.
We found that there is strong temperature-dependence in electrochemical performance of hierarchical CuBi 2 O 4 microspheres and higher temperature evidently increases the capacity and cycling performance. As shown in Fig. 3c , the long-term cycling performance of hierarchical CuBi 2 O 4 microspheres is evaluated at 30 C, 50 C and 70 C, respectively. Clearly, the capacities at 70 C are much larger than those capacities at 30 C or 50 C in all the cycles. This could be ascribed to the decreasing battery resistance and increase of the ion mobility of the electrolyte at elevated temperature. Besides, the capacity shows an interesting change during the cycling process at all the temperatures. At 70 C, the discharge capacity drops to 330.6 mA h g À1 during the rst 20 cycles. Aerwards, the capacity starts to increase and maintains a constant value of about 525.0 mA h g À1 aer 100 cycles. Furthermore, the coulombic efficiency exceeds 98% throughout the cycling process, and it approaches to 99% over 500 cycles. Fig. 4a-c . The Li-ions mobility mainly depends on electrolyte diffusion that is largely determined by the environment temperature. The higher temperature, the electrolyte diffusion is faster. As such, the Li-ions show faster migration rate at higher temperature, which can rapidly migrate into the inner of hierarchical CuBi 2 O 4 microspheres. Furthermore, the hierarchical CuBi 2 O 4 microspheres features outstanding thermostability and the hierarchical structure can be maintained at higher temperature. Therefore, the hierarchical CuBi 2 O 4 microspheres exhibit higher capacity and better cycling performance at higher temperature. Nevertheless, the electrolyte diffusion into the inner of hierarchical CuBi 2 O 4 microspheres is slow in the early cycles due to the diffusion resistance between electrode material surface and electrolyte. As a result, the capacity of hierarchical CuBi 2 O 4 microsphere shows a fading process during the rst dozens of cycles due to the lithiation reaction was limited on the surface of hierarchical CuBi 2 O 4 microspheres. When the electrolyte permeates into the inner of hierarchical CuBi 2 O 4 microspheres, the lithiation reaction would be sufficient and thus the capacity of hierarchical CuBi 2 O 4 microsphere turns to increase and keeps stable in the subsequent cycles. The higher temperature, the diffusion resistance is lower. Therefore, the hierarchical CuBi 2 O 4 microspheres demonstrate a short capacity fading process at higher temperature. The electrochemical impendence spectroscopy (EIS) is performed to investigate the electrode process kinetics. The Nyquist plots in Fig. 4d show EIS curves aer 100 cycles at different temperatures. All the impedance plots are made up of a depressed semicircle at high frequency, and a slope line at low frequency. The semicircle corresponds to the internal resistance (R ct ) and interfacial impedance (R f ) between the electrode and electrolyte. The slope line at low frequency indicates the Li-ions diffusion into the electrode material (W o ). The equivalent circuit model for hierarchical CuBi 2 O 4 microsphere is shown in Fig. S6 .
C, 50 C and 70 C, respectively. This conrms the lower internal resistance at higher temperature. The more data of EIS are presented in Table S2 . † These signicant results clearly demonstrate that the Li-ions mobility and electronic transfer rate are affected by environmental temperature. The rate performance of hierarchical CuBi 2 O 4 microspheres at different temperatures is shown in Fig. 5a . In consideration of the fact that the capacity keeps stable aer 100 cycles, the rate capability measurements were performed aer 100 cycles at a current rate of 100 mA g À1 . When the temperature is 70 C, the Fig. 5b . When the scan rate is 0.1 mV s À1 , two obvious reduction peaks at 1.25 and 0.44 V and two oxidation peaks at 1.99 and 0.97 V are observed, which recur in the subsequent scans. With increasing the scan rate, the peak current increases without being proportional to the square root of the scan rate, indicating that the electrochemical reactions are composed of non-faradaic and faradaic processes. [38] [39] [40] The relationship between peak current (i) and scan rate (n) could be illustrated as follows:
where a and b are adjustable parameters. The b value determines the reaction type of Li-ions insertion/extraction. When the value of b is 0.5, the electrochemical reaction is dominated by ionic diffusion (faradaic). When the value of b is 1, the process is mainly decided by pseudo-capacitive (non-faradaic) process. Fig. 5c depicts the linear relationship between log(i) and log(n) at every peak potential. The b values of the four peaks are 1.10, 0.83, 0.94, and 0.98, meaning that the electrochemical reactions of the CuBi 2 O 4 microspheres are mainly controlled by the pseudo-capacitive process that leads to fast Li-ion insertion/ extraction (high rate capability). To verify the lithium storage mechanism of hierarchical CuBi 2 O 4 microspheres, ex situ XRD, XPS spectra and HR-TEM were performed aer 100 cycles. Fig. 6a shows the XRD patterns of the CuBi 2 O 4 microsphere at different charge/ discharge status. During the discharge process (discharging to 0.01 V), the characteristic peaks of CuBi 2 O 4 disappear and the observed peaks at around 27 and 43 ( Fig. 6a(I 3 Bi are scarcely detected due to their instability in air. The XPS spectra (Fig. 6b and c) can be tted better and the peaks match well with the standard binding energy of pure copper and bismuth, indicating the bismuth and cuprum exist as elementary substance. The HR-TEM (Fig. S7a and b † 
Conclusions
In summary, hierarchical CuBi 2 O 4 microspheres assembled by primary tetragonal nanoparticles have been prepared via a facile and eco-friendly hydrothermal method. The as-synthesized hierarchical CuBi 2 O 4 microspheres are rst used as anode materials for LIBs, exhibiting strong temperature-dependent properties that higher temperature evidently enhances the electrochemical performance. At an elevated temperature of 70 C, the hierarchical CuBi 2 O 4 microspheres can deliver a stable discharge capacity of 525.1 mA h g À1 aer 500 cycles at a current rate of 100 mA g À1 . Aer being cycled at a high current density (6.4 A g À1 ), they can still retain a capacity of 585 mA h g À1 when the current density recovers to 100 mA g À1 . The superior high-temperature electrochemical performance of the hierarchical CuBi 2 O 4 microspheres could be ascribed to their unique hierarchical structure and outstanding thermostability. The lithium storage mechanism of the hierarchical CuBi 2 O 4 microspheres has proven to be a multi-step lithiation process. The superior high-temperature electrochemical performance of the hierarchical CuBi 2 O 4 microspheres endows them with promising applications in a wide temperature range.
